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Abstract

Purpose To determine the optimal combination of low b-values to generate perfusion information from intravoxel inco-
herent motion (IVIM) in patients with acute ischemic stroke (AIS) considering the time constraints for these patients.
Methods A retrospective cohort study of AIS patients with IVIM MRI was performed. A two-step voxel-by-voxel
postprocessing was used to derive IVIM perfusion fraction maps with different combinations of b values. Signal values
within regions of ischemic core, non-infarcted ischemic hemisphere, and contralateral hemisphere were measured on
IVIM (f, D*, fD*, D) parameter maps. Bland-Altman analysis and the Dice similarity coefficient were used to determine
quantitative and spatial agreements between the reference standard IVIM (IVIM with 6 b values of 0, 50, 100, 150, 200,
1000 s/mm?) and other combinations of b values. Significance level was set at p<0.05.

Results There were 58 patients (36 males, 61.3%; mean age 70.2+ 13.4 years) included. Considering all IVIM parameters,
the combination of b values of 0, 50, 200, 1000 was the most consistent with our reference standard on Bland-Altman
analysis. The best voxel-based overlaps of ischemic regions were on IVIM D, while there were good voxel-based overlaps
on IVIM f.

Conclusion The IVIM with these four b values collects diffusion and perfusion information from a single short MRI
sequence, which may have important implications for the imaging of AIS patients.

Keywords MRI - Molecular diffusion coefficient - Pseudodiffusion coefficient - Flowing blood volume fraction - Multiple
b-values
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ROI Regions of interest
Tmax  Time-to-Maximum

Key points

1. Intravoxel incoherent motion with optimized four b val-
ues enables collation of both diffusion and perfusion in-
formation from a single short MRI sequence.

2. Intravoxel incoherent motion may have important impli-
cations for the imaging of AIS patients.

Introduction

Intravoxel incoherent motion (IVIM) is a magnetic reso-
nance imaging (MRI) perfusion technique that does not
require the injection of a contrast agent [1]. It derives per-
fusion parameters from diffusion-weighted imaging (DWI)
with multiple b-values, which offers the potential to assess
both ischemic core infarction and perfusion in patients with
acute ischemic stroke (AIS) [2-5]. With appropriate math-
ematical modelling, the following parameter maps can be
derived: (1) f, which is related to vascular volume frac-
tion, (2) D* as the pseudodiffusion coefficient, which is
related to microcapillary perfusion, (3) fD*, which is re-
lated to blood flow, and (4) D, which is molecular diffusion
coefficient. The IVIM f, D*, and fD* have been correlated
to mean transit time (MTT), cerebral blood volume (CBV),
and cerebral blood flow (CBF) MR perfusion maps, respec-
tively (Table 1; [6]).

Although IVIM shows promise for cerebral perfusion
evaluation in AIS patients [7], as a research tool it has
not been well evaluated and was not the standard clini-
cal MRI protocol. Also, there is no consensus as to the
optimal b-values during IVIM acquisition for cerebral per-
fusion and ischemia measurement. The IVIM acquisitions
may include more than 10 b-values from 0 to 3500, which
include multiple low b-values from 0 to 200 to generate the
IVIM perfusion parameter maps [8]; however, an increased
number of b-values requires longer imaging time, which
may introduce motion artifacts and delays in terms of AIS
patient treatment.

In this retrospective cohort study, we sought to deter-
mine the variation in IVIM perfusion parameter maps as
a function of the combination of b-values to generate in the
setting of AIS due to anterior circulation large vessel occlu-
sion (LVO) of the internal carotid artery or middle cerebral
artery (M1 segment).

Material and Methods
Patient Enrolment and Demographic/Clinical Details

This single-center, retrospective cohort study was approved
by our institutional internal review board, which waived
patient consent. We searched our clinical and imaging
database between 1 January 2016 and 30 April 2018 for
patients admitted for suspected AIS. Inclusion criteria were:
(1) presentation and MR imaging within 72h of symptom
onset; (2) magnetic resonance angiography (MRA) or com-
puted tomography angiography (CTA) demonstrates ante-
rior circulation LVO of the internal carotid artery or middle
cerebral artery (M1 segment); (3) IVIM MR images ob-
tained within 72h of symptom onset. Patient demographic
and clinical variables were recorded from the electronic
medical record. Clinical variables recorded included: age,
sex, hypertension, atrial fibrillation, diabetes mellitus, hy-
perlipidemia, National Institutes of Health Stroke Scale
(NIHSS) on admission, and time since last seen normal at
the time of MRI.

Image Acquisition and Postprocessing

Brain MRI was performed on a 3.0T GE MR750 MRI
scanner using an 8-channel GE HR brain coil (GE Health-
care, Milwaukee, WI, USA). All MRI studies included
DWI and IVIM. In some cases, additional sequences
(Fluid-attenuated inversion recovery [FLAIR], gradient
echo [GRE], perfusion-weighted imaging [PWI], MRA)
were performed, but these sequences were not analyzed
in the present study. Technical details and parameters
for the sequences used in this study were as follows:
DWI parameters: TR=6000ms, TE=78.2ms; b-value=0

Table1 Relation between
IVIM and conventional diffu-

IVIM parameters and their definitions

Conventional diffusion/perfusion

. . parameters
sion/perfusion parameters

f Perfusion fraction CBV

D" Pseudodiffusion coefficient related to microcap- I/MTT or 1/Tmax
illary perfusion

/D The multiplication of fand D, related to blood CBF
flow

D Molecular diffusion coefficient DWI/ADC

CBYV cerebral blood volume, MTT mean transit time, CBF cerebral blood flow, Tmax time-to-Maximum,
DWI diffusion weighted imaging, ADC apparent diffusion coefficient
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Table2 Combinations of dif-

. . Grou,
ferent b-values tested in this P

Number of b-values

b-values (s/mm?)

study Reference standard
Combination 1
Combination 2
Combination 3
Combination 4
Combination 5
Combination 6
Combination 7

6 b values 0, 50, 100, 150, 200, 1000
5 b values 0, 100, 150, 200, 1000

5 b values 0, 50, 150, 200, 1000

5 b values 0, 50, 100, 200, 1000

4 b values 0, 150, 200, 1000

4 b values 0, 50, 200, 1000

4 b values 0, 100, 200, 1000

3 b values 0, 200, 1000

and 1000s/mm?; flip angle 90°, and slice thickness of
Smm. The IVIM was performed with an axial echopla-
nar DWI sequence (TR=4500ms, TE=77ms, field of
view=240x 240mm?2, reconstruction matrix=128x 128,
slice thickness=5mm, bandwidth= 1953 Hz/pixel) with 6
b-values (0, 50, 100, 150, 200, 1000s/mm?). The duration
of IVIM acquisition was approximately 2min and IVIM
data were processed by an investigator who was blinded
to the clinical analysis using a dedicated Matlab (Math-
Works, Natick, MA, USA) code. A bi-exponential IVIM
signal equation was fitted to generate f= perfusion fraction,
coefficient D" = pseudodiffusion coefficient, fD* = the blood
flow, and D=diffusion related IVIM parameter maps [6,
9].

The IVIM comparison groups were designated as fol-
lows: because several b-values are required for IVIM pro-
cessing [7], we used b values of 0, 200 and 1000 s/mm? as
our baseline 3 b values. Next, IVIM derived from 6 b values
(0, 50, 100, 150, 200, 1000) was designated as the reference
standard and 7 additional combinations (combinations 1-7)

of multiple b values (b=50, 100, 150) were then compared
to the reference standard (Table 2).

Image Evaluation

All MR images were anonymized and reviewed on Horos
(v2.1.1, Nimble Co LLC d/b/a Purview, Annapolis, MD
USA) by a neurologist (GZ with 19 years of experience)
and 2 neuroradiologists (MW with 21 years of experience,
and JJH with 15 years of experience).

Regions of interest (ROI) were determined using DWI
images as follows (Fig. 1): (1) ischemic core was defined
as DWI hyperintense signal abnormality with a correspond-
ing apparent diffusion coefficient (ADC) hypointense sig-
nal abnormality (ADC<620x 10-*mm?s) [10]; (2) non-in-
farcted ischemic hemisphere was defined as the brain tissue
with normal DWI signal on the ischemic side; (3) contralat-
eral hemisphere was defined as the normal hemisphere con-
tralateral to the ischemic one. The DWI images were man-
ually outlined as these three ROIs on the slice with largest
ischemic core in Horos, and the ROI were then overlaid

Fig.1 Methods for defining regions of interest in this study. a Infarct core; b Non-infarcted hemisphere; ¢ Contralateral hemisphere. Brain
compartments are defined on one slice with the larger visible ischemic core. The ischemic core was defined based on restricted diffusion with
apparent diffusion coefficient (ADC)< 620mm?s. The non-infarcted ischemic hemisphere was defined as diffusion-weighted imaging (DWI)
normal signal area at the infarcted hemisphere. Contralateral hemisphere was defined as the normal hemisphere contralateral to the hemisphere
with infarction
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on registered IVIM parameter f, D*, fD* and D maps for
comparative measurements. The region-wise values of each
IVIM parameter within these different ROIs were recorded.

The last step was to determine the differences between
ischemic volumes delineated by optimized IVIM maps and
reference standard. The ischemic area, which includes the
ischemic core and penumbra, were visually segmented on
all IVIM maps by a reader who was blinded to other rou-
tine MR images. Segmented regions were manually out-
lined as ROIs in Image J (Mac 1.51, National Institutes of
Health, Bethesda, MD, USA) [11] and the volumes were
calculated automatically. The spatial overlaps between the
segmented regions on optimized IVIM maps and reference
standard were measured. Dice similarity coefficients (DS-
Coeff), defined as DS-Coeffs (A, B)=2(ANB) / (A+B),
were calculated.

Statistical Analysis

One-way analysis of variance (ANOVA) with paired mea-
surements was used to determine differences between mean
values of each IVIM parameter in each cerebral compart-
ment. Intergroup multiple comparisons were performed be-
tween our reference standard (IVIM images derived from
all 6 b values 0, 50, 100, 150, 200, 1000) and the other com-
binations of b values. Bland-Altman analyses were used to
determine quantitative agreements between our reference
standard and the other combinations of b values. One-way
ANOVA with paired measurements was used to determine
the differences of DS-Coeff amongst the different IVIM
parameters with the same optimized b-value combinations.
Statistical analyses were performed using SPSS v24.0.0
(IBM Corp, Chicago, IL, USA). For all analyses, statistical
significance was set at a.<(.05.

Results

We identified 58 patients who met our inclusion criteria,
which included 36 males and 22 females with a mean age
of 70.2+13.4 years (range 38-93 years). Mean NIHSS at
presentation was 15.9+6.7. Mean time from onset to IVIM
imaging was 9.3+ 11.7h. Patient clinical characteristics are
presented in Table 3.

According to one-way ANOVA analyses, mean values
of the IVIM parametric maps (f, D, fD*, and D) were com-
pared between all groups (reference standard and combi-
nations 1-7) within the 3 regions of interest (core infarc-
tion, non-infarcted ischemic hemisphere, and contralateral
hemisphere) (Table 4; Fig. 2). The IVIM values from com-
bination 3 (b=0, 50, 100, 200, 1000) showed no significant
differences (P>0.05) compared to the reference standard

@ Springer

Table3 Basic demographic and stroke information for the study pop-
ulation

N=58
Female sex, n (%) 23 (39.7%)
Age, years, mean+ SD 70.2+13.4
Atrial fibrillation, n (%) 27 (46.6%)
Hypertension, n (%) 44 (75.9%)
Diabetes mellitus, n (%) 11 (19.0%)
Hyperlipidemia, n (%) 32 (55.2%)
Current smoking, n (%) 8 (13.8%)
Presentation NIHSS, mean + SD 159+6.7
Time from onset to imaging, h 93+11.7

in intergroups comparison of ANOVA, except for f in the
ischemic core (P=0.028).

Bland-Altman analyses demonstrated that with a de-
creasing number of low b values (b<200s/mm?), the devi-
ations of signal intensities between reference standard and
the other combinations became more significant. For IVIM
parameter f (perfusion fraction), combination 3 (b=0, 50,
100, 200, 1000) was most associated with our reference
standard (Fig. 3). For IVIM parameter D* (pseudodiffusion
coefficient), combination 3 (b=0, 50, 100, 200, 1000) and
combination 2 (b=0, 50, 150, 200, 1000) showed the best
association with the reference standard (Fig. 3). For IVIM
parameter fD* (the blood flow), combination 3 (b=0, 50,
100, 200, 1000) and combination 2 (b=0, 50, 150, 200,
1000) were most associated with our reference standard
(Fig. 3). For IVIM parameter D (diffusion coefficient),
combination 3 (b=0, 50, 100, 200, 1000) and combination
2 (b=0, 50, 150, 200, 1000) were most associated with our
reference standard. Of all combinations with 4 b values,
only combination 5 (b=0, 50, 200, 1000) showed moder-
ate consistency with our reference standard (Fig. 3). Of all
IVIM parameters, f and D showed good coefficients of the
variation of the values between optimized IVIM maps and
reference standard, while fD* and D" had higher variability
with higher standard deviation (Supplemental Table).

Based on the results above, of all combinations with 5 b
values, combination 3 showed the best correlation with the
reference standard, and combination 5 was the best with
4 b values. Following the Bland-Altman analysis, combina-
tions 3 and 5 were selected to measure the spatial overlap
of ischemic regions with the standard reference.

The best voxel-based overlaps of ischemic regions were
on IVIM D compared with IVIM f, IVIM D*, or IVIM fD*
(P<0.01). Its mean DS-Coeff between combination 3 and 5
and standard reference were 94.11+2.74 and 93.65+2.38,
respectively. There were good voxel-based overlaps on
IVIM £, with mean DS-Coeff between combinations 3 and 5
and standard reference were 90.30+5.91 and 85.97+6.09,
respectively. Both IVIM D* and fD* showed fair spatial
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Fig.3 Bland-Altman analyses for the regions of interest (ROI) values differences of ischemic core between reference standard combination and
selected tested combinations. Bland-Altman analysis shows minimal differences in terms of IVIM values between combination 3 (b=0, 50, 100,
200, 1000) and the reference standard, indicating the best consistency. There was also good consistency between combination 2 (b=0, 50, 150,
200, 1000) and the reference standard. Although all IVIM parameters showed good consistency in combinations 3 and 2, fD* showed the best
consistency. D also showed good consistency but with more scattered values
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Tal:.)Ie > \./oxel—.based overlaps DS-Coeff with standard reference P-value

of ischemic regions between B .

optimized IVIM maps and / D /D D

standard reference Combination-3 90.30+5.91 80.06+6.28 85.82+£6.52 94.11+2.74 P<0.01
Combination-5 85.97+6.09 74.72+6.35 81.05+6.05 93.65+2.38 P<0.01

overlaps between combination 3 and 5 and standard refer- Discussion

ence (Table 5).

In general, the quality of IVIM maps decreased with
a decreasing number of b values. The output images from
combination 3 (b=0, 50, 100, 200, 1000), combination 2
(b=0, 50, 150, 200, 1000), and combination 5 (b=0, 50,
200, 1000) had the best quality and consistency with our
reference standard (Fig. 4).

Cumulative consideration of these results shows that the
minimum number of b values that showed agreement with
the reference standard was combination 5 (b=0, 50, 200,
1000 s/mm?).

Reference  cCombination Combination

e ET 1 2

Combination Combination Combination Combination

This study found that IVIM with 4 b values (0, 50, 200,
1000 s/mm?) agrees well with a longer protocol including
6 b values (0, 50, 100, 150, 200, 1000s/mm?) for evalu-
ation of cerebral infarction and cerebral perfusion in pa-
tients with AIS due to LVO, but at the cost of a reduced
image quality. As expected, when the number of b values
decreased, the values of the IVIM parameters drifted away
from the reference standard values, especially for D, but
also for f and fD*. Fewer b values also resulted in signifi-
cantly worse voxel-based overlap with standard reference,
especially for D* and fD*. This finding is in agreement with
previous reports [12]. The analysis revealed that acceptable
IVIM values can be obtained when a b value of 50 s/mm?
is added to the basic 0, 200 and 1000 b values. Thus, these
results suggest that lower b values around b= 50s/mm? are

Combination
5 6 7

Fig.4 A sample case to demonstrate the differences of output IVIM images among different combinations of b values. A 74-year-old female
patient with acute ischemic stroke due to a right MCA artery occlusion. MRI performed after endovascular treatment triage (25h after symptom
onset), demonstrated a large ischemic core. The quality of output IVIM maps decreased when the number of b values decreases especially in
combinations with three b values and for D*. There is no visible output imaging of IVIM D" with these b values. The IVIM parametric maps from
combination 3 (b=0, 50, 100, 200, 1000) and combination 2 (b=0, 50, 150, 200, 1000) show the best consistencies with the reference standard
combination. Of all combinations with 4 b values, the IVIM parametric maps from combination 5 (b=0, 50, 200, 1000) have the best quality
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more important compared to 50s/mm? <b<200s/mm? for
cerebral perfusion assessment in the setting of ischemia and
that IVIM MRI scan time may be reduced slightly during
the imaging evaluation of AIS patients.

Patients with suspected ischemic stroke due to LVO re-
quire expeditious imaging triage to determine the size of
the core infarction, whether there is salvageable brain tissue
(the penumbra), and to confirm the presence of an LVO [13].
Patients with a small core infarction, salvageable brain tis-
sue, and a large vessel occlusion are considered candidates
for endovascular thrombectomy, which has been shown to
lead to markedly improved clinical outcomes [14-21]. Stan-
dard rapid MRI protocols identify the core infarction with
DWI, the salvageable penumbra with PWI or arterial spin
labelling, and an LVO with MRA. The IVIM imaging is
highly applicable to ischemic stroke given its ability to
identify both core infarction and cerebral perfusion (penum-
bra) in a single sequence [2-5, 22]. The additional cerebral
perfusion information provided by IVIM is obtained with
minimal additional scan time compared to a standard DWI
sequence, which is a distinct advantage compared to PWI
or arterial spin labelling, which require longer acquisition
times in addition to DWL.

Despite promising early results with IVIM in the con-
text of AIS, there is little consensus on the optimal IVIM
technique, including the optimal combination of b values
[7, 23, 24]. Some studies suggested that IVIM perfusion
information for common brain pathologies can be obtained
using simplified linear fitting of as few as two nonzero
b-values [25, 26]. These studies focused on D and f based
on linear fitting modelling, which can be performed using
a set of high b values (>200s/mm?). The IVIM parameters
D" and fD" are extracted predominantly from low b-values
(<200s/mm?) [23]. The suggestion that IVIM effects disap-
pear for b values above 250s/mm? implies that a biexpo-
nential fitting model with denser sampling at low b-values
up to 200 s/mm? may best evaluate cerebral microperfusion.
Fournet et al. compared monoexponential and biexponen-
tial IVIM models in rats with acute ischemic stroke. They
demonstrated the advantages of biexponential models on
reflecting the presence of two separate vascular pools: cap-
illaries and larger vessels [27]. Keil et al. compared three
different models including monoexponential, biexponential,
and novel nonnegative least squares fittings to identify brain
lesions, but this study focused mainly on brain tumors rather
than AIS [12].

According to a previous study, IVIM with 6 b values
(b=0, 50, 100, 150, 200, 1000s/mm?) can detect cerebral
ischemia and vasospasm [28]. This study started with six
b values to identify the minimum number of b values. Many
other studies also have focused on identifying the optimal
b values for cerebral pathology assessment. Lemke et al.
suggested that optimal measurement of IVIM parameters
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involves using b values in the range of 0-360 and around
1200. In that study, 16 b-values were tested, and the use
of at least 10 b-values was recommended [8]. Although the
study of Lemke et al. did not determine the specific number
and necessary b values for cerebral perfusion measurement,
the first 4 b-values suggested by Lemke et al. [8] almost co-
incide with the optimal b-value set reported in the present
study. By contrast, other studies have suggested the use of
very different combinations of b values. Pavilla et al. mea-
sured induced hypoperfusion in brain of healthy volunteers
with a fast (4 min duration) IVIM protocol that included 7
b-values (0, 60, 80, 300, 400, 900, and 1000 s/mm?) [29].
Nelander et al. assessed cerebral perfusion in patients with
pre-eclampsia with IVIM using 8 b values (0, 50, 100, 150,
200, 400, 600, 800 s/mm?) [30]. Zhang et al. used IVIM with
15 b values (b=0, 5, 7, 10, 15, 20, 30, 40, 50, 60, 100, 200,
400, 700, and 1000s/mm?) to examine microvascular per-
fusion and microstructural integrity in patients with small
cerebral vascular disease [31]. Detsky et al. used IVIM with
6 b values (b=0, 200, 400, 600, 800, 1000 s/mm?) to differ-
entiate radiation necrosis from tumor progression in brain
metastases treated with radiotherapy [32]. Thus, there is
a wide variety of IVIM techniques and b values used for
the measurement of cerebral perfusion and the detection of
cerebral pathology.

There are several limitations to the present study. The
study was retrospective in nature, and it involved acute
stroke patients up to 72h after symptom onset. Some of
the patients received thrombectomy treatment before the
acquisition of IVIM imaging. There may have been no or
only minor hypoperfusion present for those patients, so it is
not clear what optimal set-up of b values is required to iden-
tify penumbra from the ischemic core. Also, in line with a
previous study [22], because IVIM output images continue
to suffer from excess noise and a relatively narrow win-
dow width, it was unable to differentiate the ischemic core
and the penumbra, especially in the areas with extremely
low perfusion. The whole ischemic area was used on IVIM
maps to determine the voxel-based overlaps. The study was
performed on a single type of MRI scanner at a single in-
stitution. A large but limited number of combinations of
b values were tested.

Conclusion

The IVIM imaging acquisition requires a minimum of 4
b values, with the optimal 4 b values being 0, 50, 200,
1000s/mm? and IVIM with these 4 b values allows both
diffusion and perfusion information to be gathered from
a single short MRI sequence, which may have important
implications for the imaging of AIS patients.
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